This nano polyphosphomolybdate was shown to be able to oxidatively desulphurize simulated gas oil with a high S conversion (more than 98 %). In the present work, the efficient oxidative desulphurization of gas oil and simulated gas oil using the formic acid/hydrogen peroxide system is reported. This system provides an efficient, convenient and practical method for scavenging sulfur compound.
INTRODUCTION
The catalytic function of heteropolyacids (HPAs) has attracted much attention because of their uncommon ability to accept an electron without deformation of their structure or reversible reduction. [1] [2] [3] [4] Keggin type polyoxoanions have been widely studied as homogeneous and heterogeneous catalyst for the oxidation of organic compounds, whereas the application of Wells-Dawson type polyoxoanions is mostly limited to homogeneous or gas phase applications and only a few of them have demonstrated catalytic activity in the heterogeneous form. [5] [6] [7] Generally, Keggin structures show more acidity and catalytic activity among the heteropolyacids. 8 These solid acids are usually insoluble in non-polar solvents but highly soluble in polar ones. They can be used in bulk or supported forms in both homogeneous and heterogeneous systems. 9 Further catalytically important subclasses of the Keggin compounds are the mixed-addenda vanadium TITANIA-VANADIUM POLYPHOSPHOMOLYBDATE AS NANO-CATALYST
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In continuation of ongoing research into the synthesis and application of polyoxometalates (POM) and anatase, [18] [19] [20] [21] [22] [23] [24] [25] [26] anatase TiO 2 crushed nano leaf coupled by a sandwich type polyoxometalate was fabricated at 100 º C via the sol-gel method under oil bath conditions. The chemical characterization of this fabrication was accomplished by means of elemental analysis, IR, 31 P-and 113 Cd--NMR spectroscopy, and XRD and TEM analyses. The catalytic performance of these homogenous and heterogeneous catalysts were tested on the oxidative desulphurization of model sulfur compounds, i.e., benzothiophene (BT), dibenzothiophene (DBT), 4-methyldibenzothiophene (4-MDBT), and 4,6-dimethyldibenzothiophene (4,6-DMDBT) and gas oil, using formic acid/hydrogen peroxide as the oxidizing reagent. The POM-TiO 2 nanocomposite presented much higher catalytic activity than those of unsupported polyoxometalates. The catalyst could be easily separated and reused at the end of the reaction without significant loss of its catalytic activity, which suggests that the catalyst is stable under different conditions.
EXPERIMENTAL
All employed reagents and solvents were commercially available and used as received, unless otherwise indicated. The model compounds and chemicals, including BT, DBT, 4-MDBT and 4,6-DMDBT, solvent (n-heptane) for the experiments and analyses and hydrogen peroxide (30 vol. %) were obtained from Aldrich Chemical Company. Preparation of the H 5 PV 2 Mo 10 O 40 catalyst and other mixed heteropolyacids and salts were based on a literature procedure with modifications. 20, 21 Titanium (IV) tetra-isopropoxide and glacial acetic acid were obtained from Merck Chemical Company. Gas oil (density 0.8361 g mL -1 at 15 °C, total sulfur content 0.98 wt. %) was supplied from the terminal of the North Iranian Oil Company (Table I) . ]-TiO 2 hydrogel was formed. Finally, the gel was filtered, washed with deionized water-acetone and dried in oven at 50 °C overnight. 17 
Oxidative desulphurization (ODS) of simulated gas oil using the formic acid/H 2 O 2 system
Some typical benzothiophenes and dibenzothiophenes, which represent easy, hard and very hard to remove sulfur species in gas oil, were selected to evaluate the catalysts and the reactivity of the benzothiophenes and dibenzothiophenes in the oxidation reaction. The water bath was first heated up and stabilized to the desired reaction temperature (25-80 °C) . A model sulfur compound (BT, DBT, 4-MDBT or 4,6-DMDBT) was dissolved in n-heptane to make a stock solution with a sulfur content of 500 ppm. Then, 5 mL of the model sulfur compound, mixed with 2 mL formic acid/H 2 O 2 (performic acid, formic acid/hydrogen peroxide mole ratio of 1) was added into the flask. The flask was immersed in a heating bath and stirred at 500 rpm for 2 h. ASTM D-4294. This test method covers the measurement of sulfur in hydrocarbons, such as diesel, naphtha, kerosene, residuals, lubricating base oils, hydraulic oils, jet fuels, crude oils, gasoline (all unleaded) and other distillates. Compared to the other test methods for sulfur determination, the test method D-4294 has a high throughput, minimal sample preparation, good precision, and is capable of determining sulfur over a wide range of concentrations. The equipment specified is in most cases less costly than that required for alternative methods. In the case of petroleum materials that contain suspended water, it is recommended that the water be removed before testing or that the sample be thoroughly homogenized and immediately tested. The interference is greatest if the water creates a layer over the transparent film, as this would attenuate the X-ray intensity for sulfur. One such method to accomplish the removal of water is to centrifuge the sample first under ambient sealed conditions, taking care that the sample integrity is not compromised. The results are given in Table II . a Conditions for the desulphurization: 5 mL of gas oil (9800 ppm S), 0.1 g nano-catalyst, 2 mL oxidant, 5 mL extraction solvent, time = 2 h, temperature = 80 °C; b reuse of the catalyst in the desulphurization of gas oil
Oxidative desulphurization (ODS) of gas oil using the formic acid/H 2 O 2 system
In the same manner as the oxidation of the model sulfur compounds but using actual gas oil (sulfur 2300 ppm, 10 mL) with 0.1 g nanocatalyst ((Bu 4 N) 4 H[PMo 10 V 2 O 40 ]-TiO 2 ), 2 mL formic acid/H 2 O 2 (formic acid/hydrogen peroxide mole ratio of 1) and temperature 80 °C. After completion of the oxidation, the oxidized sulfur in the gas oil was extracted with acetonitrile at room temperature. The acetonitrile/oil ratio used was 1/2 by volume. The biphasic mixture was separated by decantation. The oil phase was separated and weighed to calculate % recovery of gas oil (for three times reaction: 98, 96 and 95 %). The sulfur content in the oil before and after reaction was determined using X-ray fluorescence spectrometer (ASTM D--4294 method). According to data in Table II , after the oxidation process, the total sulfur content (Entry 1) and content of mercaptans (Entry 2) were much lower, while numerous other properties of gas oil showed in Table II 
Recycling of the catalyst
At the end of the oxidative desulphurization of the model sulfur compounds and gas oil, the catalyst was filtered and washed with dichloromethane. In order to determine whether the catalyst would succumb to poisoning and lose its catalytic activity during the reaction, the reusability of the catalyst was investigated. For this purpose, we carried out the desulphurization reaction of gas oil and model compounds in the presence of fresh and recovered catalyst (Table II) Table II .
RESULT AND DISCUSSION

Characterization of synthesized catalysts
The XRD pattern corresponding to pure TiO 2 was found to match with that of fully anatase phase. No peaks from any impurities or the rutile phase were observed, which indicates the high purity of the obtained powders. The sharp diffraction peaks confirmed that the obtained TiO 2 was of high crystallinity. When (Bu 4 N) 4 ], a significant change in the morphology and size occurred. In the TEM image, most of the obtained powders consisted of nano particles with an average size of about 10 nm but there were some nano rods. In ultraviolet light regions, which are shorter than 332 nm, pure nano-TiO 2 , the band gap energy of which corresponds to around 320 nm (3.60 eV), shows the highest absorbance because of charge-transfer from the valence band (mainly formed of the 2p orbitals of the oxide anions) to the conduction band (mainly formed by 3d t 2 g orbitals of Ti 4+ ). 17 
Catalytic results
Effect of the oxidation system on the oxidative desulphurization of gas oil or simulated gas oil. In this study, many types of oxidative systems, such as H 2 O 2 /organic acids, H 2 O 2 /POMs, H 2 O 2 /POMs-TiO 2 , were investigated. Formic acid, benzoic acid, oxalic acid, acetic acid, H 2 SO 4 and H 2 CO 3 were selected to acidify the system, and were added into the gas oil or simulated gas oil solutions in a mole ratio of 1:1 with 30 % H 2 O 2 . The reactions were performed at 80 °C for 2 h. The results given in Table III show that the oxidation reactivities of the inorganic acids, H 2 SO 4 and H 2 CO 3 , were lower than those of the organic acids because the inorganic acids are insoluble in the gas oil and simulated gas oil solutions. Effect of types of the sulfur compound on the desulphurization of simulated gas oil. The reactivities of different sulfur-containing compounds, including benzothiophene (BT), 4-methyldibenzothiophene (4-MDBT), dibenzothiophene (DBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT), were investigated for oxidetive desulphurization using hydrogen peroxide and formic acid. The electron densities of the thiophene derivatives varied between 5.696 (thiophene) and 5.760. 16 Thiophene is usually oxidized with difficulty because of its low electron density. BT (electron density 5.739) and the other model compounds with higher electron densities were oxidized to form their corresponding sulfones. The apparent rate constants (k) for these oxidations decreased as follows: 4,6-DMDBT > 4-MDBT > > DBT > BT. 16 This result indicates that the rate constant increased with increasing electron density. The oxidation reactivities decreased according to DBT > > 4-MDBT > 4,6-DMDBT, and the same reactivity trend was found for ODS. The apparent activation energies of DBT, 4-MDBT, and 4,6-DMDBT oxidation were 53.8, 56.0, and 58.7 kJ mol -1 , respectively. These results indicate that DBT oxidation was achieved under mild reaction conditions and it was easy to increase the reaction temperature or reaction time to achieve high conversions, even for the least reactive 4,6-DMDBT that showed a lower reactivity compared with DBT, as methyl substituents were present at the 4 and 6 positions on the DBT rings. In addition, the formic acid/H 2 O 2 and polyoxometalates/H 2 O 2 biphasic catalytic systems have completely different reactivity orders for the oxidation of DBTs because of the important role of the molecular size of the catalyst. 18 For the formic acid catalyzed reaction, the formic acid can interact with sulfur with-DMDBT were taken as model compounds. The amount of each catalyst used was the same. POM-TiO 2 nanocomposite presented a much higher catalytic activity than that of the unsupported polyoxometalates. The (Bu 4 N) 4 
Effect of the amount formic acid
Effect of the amount of formic acid on the oxidative desulphurization of different sulfur compounds was studied and the results are given in Table V. In the formic acid catalyzed reaction, the formic acid can interact with sulfur without any steric hindrance from alkyl groups. Therefore, the reactivity trend obtained in the formic acid catalyzed reactions reflects the intrinsic oxidation reactivity of the DBTs., The % sulfur removal of the simulated gas oil increased with increasing formic acid. It could be seen that a formic acid/H 2 O 2 mole ratio of 1.0 (98 % conversion of DBT) was better than the other mole ratio. Therefore, in all the subsequent experiments, this formic acid/DBT mole ratio was used. The fuel mixed with H 2 O 2 /formic acid (performic acid) and the oxidative reaction occurred below 100 °C under atmospheric pressure. This was followed by liquid/ /liquid extraction to obtain a fuel with a low sulfur and an extract with a high sulfur content. Finally, the low sulfur fuel may require additional treatment. The extraction solvent was then removed from the extract for reuse and the concen- trated extract was made available for further processing to remove sulfur and to produce hydrocarbons.
Effect of temperature on the oxidative desulphurization of gas oil or simulated gas oil
The reaction was carried out at different temperatures under the same conditions using (Bu 4 N) 4 H[PMo 10 V 2 O 40 ]-TiO 2 as the nanocatalyst and the formic acid/H2O2 system. The results are given in Table VI , from which it can be seen that the yields of the products were a function of temperature. Conversion of the sulfur compounds was increased at higher reaction temperatures and longer reaction times. The conversion of sulfur in the simulated gas oil was the highest at 80 °C, at which temperature, a conversion of sulfur of 98% was obtained. 
